Small molecule restoration of wild type structure and function to mutant p53 (so-called mutant reactivation) is a highly sought after goal in cancer drug development. We previously discovered small molecule zinc chelators called zinc metallochaperones (ZMCs) reactivate mutant p53 by restoring zinc binding to zinc deficient p53 mutants.
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INTRODUCTION
TP53 is the most commonly mutated gene in human cancer and plays an essential role as a tumor suppressor (Bieging et al., 2014; Freed-Pastor and Prives, 2012; Levine and Oren, 2009 ). The majority of mutations (>70%) are missense and generate a defective protein generally found at high levels in cancer cells due to loss of MDM2-mediated negative feedback (Haupt et al., 1997) . Restoring wild type (WT) p53 function by genetic means in mouse models of cancer triggers potent anti-cancer activity (Ventura et al., 2007; Xue et al., 2007) . Thus, reactivation of WT structure/function of mutant p53 using small molecules has been an area of intense investigation in anti-cancer drug development.
The p53 protein requires the binding of a single zinc ion for proper folding. There is now evidence that manipulating zinc concentrations can change the structure/function of WT p53, indicating that the structure is malleable (Butler and Loh, 2003; Hainaut and Milner, 1993; Meplan et al., 2000) . This concept also applies to certain mutant p53s in which the mutated amino acid impairs the protein's ability to coordinate zinc and causes misfolding. There are three major classes of mutant p53 proteins: destabilizing, DNAcontact, and zinc-binding, each of which impairs the protein for different reasons and presents its own unique challenges for targeted drug development. The zinc-binding class is best exemplified by the most common p53 mutant found in cancer, p53-R175H.
Using an in silico screen of the NCI-60 human tumor cell lines screen anti-cancer drug database, we previously identified three small molecules (NSC319725, NSC319726, NSC328784) that belong to the thiosemicarbazone (TSC) family of metal ion chelators with high activity in cell lines with mutant p53 (Yu et al., 2012a) . We went on to MOL #107409 demonstrate that NSC319726 (ZMC1) kills cancer cells by restoring the wild type structure and function of p53-R175H both in vitro and in vivo (Yu et al., 2012a) . We elucidated the ZMC1 mechanism by finding that: 1) ZMC1 is a zinc metallochaperone (ZMC) that delivers zinc to p53-R175H by functioning as a zinc ionophore, thus allowing the mutant to fold properly; and 2) ZMC1 boosts intracellular reactive oxygen species (ROS), which transactivates the newly conformed mutant through amino-terminal posttranslational modifications (Blanden et al., 2015b; Yu et al., 2014) . Importantly, we found that other zinc chelators with a similar affinity (K d ) for zinc can function as ZMCs to restore wild type conformation to p53-R175H (Butler and Loh, 2003; Hainaut and Milner, 1993) .
The model for ZMC restoration of WT p53 structure posits two types of zinc ligation sites on p53: native (K d1 ) and non-native (K d2 ) (Yu et al., 2014) . We experimentally determined the K d1 of the R175H DBD to be on the order of 10 -9 M, which is 10-1000-fold higher than physiological zinc concentrations (10 -12 -10 -10 M), indicating that R175H is likely in the apo (zinc-free) form in the cell (Bozym et al., 2006) . Raising intracellular zinc above 10 -9 M can in principle restore WT conformation to R175H, but if levels rise above the dissociation constant of the non-native ligation sites (K d2 ~10 -6 ) the protein will again misfold. ZMCs like ZMC1 restore wild type structure to mutant p53 by raising intracellular zinc concentrations to greater than the K d1 of the p53-R175H while at the same time functioning as zinc buffers to prevent zinc induced misfolding.
Thiosemicarbazones have an affinity for divalent metal ions such as Fe 2+ , Zn 2+ , Cu 2+ , and Mn 2+ , and been investigated as anti-cancer drugs, the most notable being 3-This article has not been copyedited and formatted. The final version may differ from this version. (Kunos et al., 2013; Yu et al., 2012b; Zeidner et al., 2014) . The mechanism of action of TSCs has been attributed to the inhibition of the iron-dependent enzyme ribonucleotide reductase as well as TSC-Fe complexes that contribute to cell death by facilitating Fenton chemistry and increasing oxidative stress (Richardson et al., 2006; Shao et al., 2006) . These features have plagued the development of these drugs due to toxicities related to methemoglobinemia and bone marrow suppression among others (Ma et al., 2008; Murren et al., 2003) . Given that NSC319725 and NSC328784 as well as 3-AP all belong to the same chemical class, we sought to investigate if these compounds could function as zinc metallochaperones to reactive mutant p53 in addition to any other reported activities.
MATERIALS AND METHODS
Chemicals
NSC319726 (ZMC1), NSC319725 (hereafter, ZMC2) and NSC328784 (hereafter ZMC3)
were synthesized by the Rutgers Translational Sciences group. 3-AP was purchased from MOL #107409
Protein preparation
The p53 (94-312) DNA Binding Domains (DBD) were expressed and purified as described previously (Yu et al., 2014) . Apo proteins were generated as described previously (Butler and Loh, 2003) . All experiments were performed in 50 mM Tris (pH 7.2), 0.1 M NaCl, and 1 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP) unless otherwise noted.
Spectroscopic measurements
Absorbance experiments were performed in a Varian Cary-100 UV-Visible spectrophotometer equipped with thermostatted cuvette holder. Fluorescence experiments were performed on a Fluoromax-4 spectrofluorimeter equipped with thermostatted cuvette holder (Jobin-Yvon). Fluorescence measurements were recorded in a 1 cm by 1 cm quartz cuvette with excitation and emission slits of 3 nm and 4 nm respectively. All experiments were conducted at 10 ˚C unless otherwise noted.
RZ-3-Zn 2+ competition assay
RZ-3 at 100 nM and ZnCl 2 at 50 nM were incubated with the indicated concentration of TSC in buffer with 4% v/v DMSO at room temperature and allowed to equilibrate for >1
h. RZ-3 fluorescence was then measured and the IC50 determined by fitting to a sigmoid curve on a semi-log axis. This IC 50 value was then divided by 2 to account for the known 
Arrested refolding
Arrested refolding experiments were performed as described previously with minor modifications (Butler and Loh, 2007) . DBD (25 μM) was denatured in buffer containing 5 M urea, and then rapidly diluted 50-fold into urea-free buffer with or without 2.5 μM 
Ionophore Assay
DOPC-liposomes (100 nm) were prepared by film rehydration and extrusion as described previously (Blanden et al., 2015b) . RZ-3 and carboxyfluorescein (CF) were encapsulated at 10 μM and 100 mM respectively. Liposome solutions were diluted to OD 600 < 0.02 before use, and measurements taken in a 5 mm x 5 mm quartz cuvette at room temperature. Excitation and emission wavelengths were 550/572 nm for RZ-3 and 492/512 nm for CF.
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Colony formation assays
For long-term viability, one thousand cells per well on 6-well plate were treated with the compounds with various concentrations for 6 hours, then, cells were cultured with drugThis article has not been copyedited and formatted. The final version may differ from this version. free complete medium for 10 days with fresh medium without interference. Cells were fixed with 10% formalin and stained with 0.05% crystal violet at the end of 10-day period of cell culture (Franken et al., 2006) . Statistical significance of the data, obtained from three independent experiments, each with triplicates, was calculated with Student's t-test.
Immunofluorescent staining
Cells were grown on coverslips, followed by various treatments. The coverslips were fixed with 4% paraformaldehyde for 10 min and then permeabilized with 0.5% Triton-X100 for 5 min. The conformation of the mutant and WT p53 proteins were recognized specifically by the antibodies PAB1620 (1:50, recognizing WT conformation) and PAB240 (1:400, recognizing misfolded/unfolded conformation) stained overnight, respectively. The secondary antibody, goat anti-mouse IgG was incubated for 40 m.
PAB1620 and PAB240 were purchased from EMD Chemicals.
RNA extraction and quantitative RT-PCR
RNA was extracted from the cells using RNeasy kit ( 
Western blot
This article has not been copyedited and formatted. The final version may differ from this version. The cell lysates were run on SDS-PAGE and transferred onto PVDF membranes. The detection of the protein level was performed with the manufacturer's instructions (Western Lightning® Plus-ECL, Perkin-Elmer). The p21 antibody was purchased from EMD Chemicals. The actin antibody was purchased from Santa Cruz Biotechnology.
8-oxy-dG staining
8-oxy-dG (Clone 2E2) antibody was purchased from Trevigen. Immunocytochemistry staining followed the manufacturer's instructions. The staining was quantified by density/brightness using ImageJ. Statistical significance of the data was calculated by
Electrophoretic mobility shift assay (EMSA)
Purified p53 
Statistical Methods
For Zn2+-remetallation experiments, data for WT and R175H DBD were analyzed separately via one-way ANOVA, and then all pairwise comparisons were analyzed with the Holm-Sidak method for multiple comparisons with an overall significance level of p<0.05 in SigmaPlot 13.0. The other data were analyzed by Student's t-test with an overall significance level of p<0.05. *p<0.05, **p<0.01, ***p<0.001.
RESULTS
ZMC2 and ZMC3 exhibit zinc metallochaperone properties, while 3-AP does not.
ZMC1, ZMC2, ZMC3 and 3-AP are heteroaromatic substituted TSCs and share the characteristic N-N-S(Se) backbone of a general thio-and selenosemicarbazone. The chemical structures are depicted in Figure 1A .
To both chelate zinc in the extracellular space and donate zinc to mutant p53, ZMCs must bind zinc with an affinity similar to that of the native site on DBD. We previously determined the zinc K d of ZMC1 to be ~30 nM (Yu et al., 2014) . To determine if ZMC2, ZMC3, and 3-AP bind Zn 2+ in the affinity range of a ZMC, which according to our current understanding of the ZMC mechanism is ~10 -9 -10 -6 M (Blanden et al., 2015a; Blanden et al., 2015b; Yu et al., 2014 (Fig. 1C ). All three compounds were able to restore the Zn 2+ -content of the apo proteins, with ZMC3 and 3-AP restoring more Zn 2+ than ZMC2.
However, when we assayed the foldedness of the remetallated proteins by intrinsic tryptophan fluorescence, leveraging the known property of DBD to increase in fluorescence when it misfolds (Yu et al., 2014) , we found that the proteins remetallated with ZMC2 and ZMC3 were native and the proteins remetallated with 3-AP were misfolded (Fig. 1D ).
We then evaluated the ability of ZMC2, ZMC3, and 3-AP to rescue the folding of DBDs that had previously been misfolded by excess Zn 2+ , a known property of synthetic ZMCs ( Fig. 1E -G, Supplemental Fig. 1 ) (Butler and Loh, 2007; Yu et al., 2014) . Briefly, WT and R175H DBD were unfolded in urea and then refolded by rapid dilution in the presence or absence of excess ZnCl 2 . In the presence of excess ZnCl 2 , the proteins become trapped in the highly fluorescent misfolded state. After ~60s, a 4-fold molar excess of TSC (2 binding equivalents) was added and refolding monitored by fluorescence as DBD converted from the highly fluorescent misfolded state to the weakly fluorescent native state. Both ZMC2 and ZMC3 efficiently rescued the folding of R175H
and WT DBD with equal or superior efficiency relative to the known Zn 2+ -chelator EDTA, whereas 3-AP had no effect on either.
This article has not been copyedited and formatted. The final version may differ from this version. To confirm that the conformation induced by ZMC2 and ZMC3 was WT, we turned to the electrophoretic mobility shift assays (EMSA) to evaluate whether the TSCs and zinc could restore site-specific binding to apo R175H DBD using a DNA oligonucleotide bearing the p21 recognition sequence (Fig. 1H) . Previously, we demonstrated that ZMC1 only in the presence of zinc could restore site-specific DNA binding to the R175H DBD (Yu et al., 2014) . Using the EMSA, we evaluated ZMC2, ZMC3 and 3-AP using ZMC1 as a positive control and A6 as a negative control. A6 is an analog of ZMC1 whose ZMC activity has been abolished by ~30-fold decrease in zinc binding (Yu et al., 2014) . The combination of 10 μM ZnCl 2 and 20 μM ZMC1 (Lane 3), ZMC2 (Lane 4) and ZMC3 (lane 5) restored DNA binding to R175H apoDBD, but not with 3-AP (Lane 6), A6 (Lane 7), or apoDBD alone (Lane 2).
We then evaluated the compounds for ionophore activity as required by the ZMC mechanism. Briefly, we encapsulated fluorescent Zn 2+ -indicator RZ-3 in DOPCliposomes and monitored Zn 2+ transport into the liposomes using the increase RZ-3 fluorescence upon Zn 2+ binding as previously described (Blanden et al., 2015b) . Both ZMC2 and ZMC3 caused a significant increase in the rate of Zn 2+ transport into the liposomes. 3-AP caused no detectible increase. The increase in RZ-3 fluorescence was completely reversible upon detergent lysis and addition of excess EDTA, indicating that the increase was caused exclusively by metal binding. We also performed a non-specific leakage control using self-quenching fluorophore carboxyfluorescein (CF), and found no non-specific leakage from the liposomes for any of the compounds (Fig. 1I-K) (Blanden et al., 2015b) . Taken together, these data indicate that ZMC2 and ZMC3 fulfill both the This article has not been copyedited and formatted. The final version may differ from this version. One of the cellular properties of a ZMC is enhanced sensitivity in p53-R175H cells lines that is a log fold or greater than that of p53 null or WT cell lines in cell growth inhibition assays (manifested by lower EC 50 's) (Yu et al., 2014; Yu et al., 2012a) . This enhanced sensitivity is due to a p53 mediated apoptotic program. We sought to evaluate ZMC2, ZMC3 and 3-AP for this property using ZMC1 as a control in human tumor cell lines that were WT, null and p53-R175 mutant (Fig. 2) . All three ZMC compounds exhibited growth inhibition at markedly lower concentrations in cells expressing mutant p53
R175H
as compared to the WT or p53-null controls ( Fig. 2A) . The EC 50 s for ZMC2 and ZMC1
were similar in treated p53-R175H mutant cells (EC 50 0.87 μM). The EC 50 of ZMC3 was approximately 6-fold higher (EC 50 3.40 μM) but was still preferentially toxic for the p53-R175H cell lines as the EC 50 in the WT and null cell lines was not reached. In contrast, 3-AP does not exhibit increased sensitivity in p53-R175H cells as compared to p53-WT or p53-null cells (Table 1) . To verify that the observed growth inhibition is p53-dependent, we used siRNA to TP53 to knockdown the expression of p53 and measured the cell growth in response to drug treatment. ZMC2 and ZMC3, like ZMC1, showed differential cellular sensitivity but 3-AP did not (Fig. 2B ). Finally to more closely approximate mimic the conditions in a treated tumor, we sought to evaluate the effects of a 6 hour drug treatment over a longer duration of time (as compared to the 3 day drug This article has not been copyedited and formatted. The final version may differ from this version. exposure) using the colony formation assay. After 10 days, ZMC2 and ZMC3, like ZMC1, showed no growth in 0.1 and 1 PM treatment, while 3-AP showed a greater number of colonies than the untreated control ( Fig. 2C-D) .
Induction of a "WT-like" conformational change in the p53 R175 mutant cells by TSCs.
Another cellular hallmark of a ZMC is the ability to induce a conformation change from mutant to wild type in the p53-R175H protein (Yu et al., 2014; Yu et al., 2012a) . Using conformation specific antibodies and immunofluorescent staining the p53 R175H cells (TOV112D and SKBR3), we observed that ZMC2 and ZMC3, like ZMC1, induced a conformation change in the p53 R175H mutant to a structure that was recognized by the WT specific antibody (PAB1620) and was no longer recognized by the mutant specific antibody (PAB240) (Fig. 3) . In contrast, 3-AP failed to induce such a change.
Restoration of wild type p53 transcriptional function by the TSCs.
To determine if the conformation change observed with the p53 R175 mutant resulted in restoration of WT p53 transcriptional function, we compared the mRNA levels of two p53 targets (p21, PUMA) in the p53 R175H cells (TOV112D and SKBR3). We found that, similar to ZMC1, ZMC2 and ZMC3 increased the levels of the p53 target genes in these cells, but no such increase was seen for 3-AP (Fig. 4A ).
We then examined p21 protein levels at 6 and 24 hours after treatment in TOV112D and SKBR3 cells and found that ZMC2 and ZMC3 induced p21 robustly in both cell lines ( AP was also different. ZMCs typically induce p21 maximally by ~6 h, followed by a fall-off approaching basal levels by 24 h. This suggests that the p21 induction in TOV112D cells by 3-AP was more likely p53 independent.
TSCs induce cellular ROS levels.
One of the features of TSCs is that they induce cellular ROS levels. We previously demonstrated that the ZMC1 ROS induction plays an important role in the ZMC mechanism by serving as a cellular stress response that transcriptionally activates the refolded WT-like mutant protein through post-translational modifications, including phosphorylation events on serines 15 and 46 and acetylation events on lysine 120, all of which function to direct mutant p53 to induce an apoptotic program (Yu et al., 2014) . To confirm that these three TSCs induce ROS in cells, we performed immunofluorescent staining on the treated cells using an antibody that detects oxidized DNA (8-oxy-dGuo) on human tumor cell lines of different p53 status. We found that all of the tested compounds increased the 8-oxy-dGuo staining in both the TOV112D (p53
R175H
) and the H1299 (p53 -/-) cells at 24 hours (Fig. 5A) . Quantitatively, all four TSCs induce ROS levels from 2-4 fold above baseline in TOV112D cells (Fig. 5B) .
DISCUSSION
The thiosemicarbazone class of metal ion chelators has been reported to demonstrate a broad spectrum of pharmacologic activity including antineoplastic, antiviral, antifungal, and antimalarial, all of which is due to their antiproliferative activity (Beraldo and Gambino, 2004 an N-N-S backbone structure that functions in metal ion binding (Yu et al., 2009 ). This is exemplified by the α-pyridyl thiosemicarbazones in which the N pyr , N 1 , and S participate in metal ligand binding. All four compounds in this study are either α-pyridyl TSCs, or a closely related selenosemicarbazone in the case of ZMC3, in which the chalcogen donor atom is selenium. Coordination chemistry of α-pyridyl thiosemicarbazones is typically 2 molecules of TSC to one molecule of metal ion combined with a proton ionization from each TSC molecule, forming a charge neutral 2:1 coordination complex with octahedral geometry. We hypothesize that the charge neutrality contributes to the observed ability of TSC-metal ion complexes to passively diffuse through cell membranes. We previously validated this concept for ZMC1 using X-ray crystallography to demonstrate that the ZMC1-Zn forms a neutral, 2:1 octahedral complex, and that it functions as a zinc ionophore to raise intracellular zinc concentrations (Blanden et al., 2015b) .
The mechanism of action of TSCs as anticancer drugs has been mostly attributed to their chelation of Fe. TSC-Fe complexes are redox active and thus generate hydroxyl radicals through the oxidation of H 2 O 2 which increases cellular ROS (Yu et al., 2009 ).
This activity is best exemplified by 3-AP (aka Triapine ® ), the only TSC that is currently in clinical trials as an anticancer drug. The mechanism of action of 3-AP has been reportedly due to its inhibition of the iron dependent enzyme, ribonucleotide reductase (RR) (Finch et al., 2000; Finch et al., 1999) . The inhibition of this enzyme does not seem to be due to chelation of iron from this enzyme, but rather due to the quenching of the labile tyrosine free radical on the R2 subunit via ROS generated by the TSC-Fe
This article has not been copyedited and formatted. The final version may differ from this version. complexes (Popovic-Bijelic et al., 2011; Shao et al., 2006; Thelander and Graslund, 1983) . Consistent with this mechanism, ZMC1-3 all increase ROS similarly to 3-AP.
We have now elucidated another mechanism of action for TSCs as anti-cancer drugs, which is to function as zinc metallochaperones to reactivate mutant p53. The characteristics that define a ZMC have yet to be fully characterized, but at this time zinc K d , membrane permeability, zinc ionophore activity, and the generation of ROS all seem to play an important role. The exact K d range that defines a ZMC is unknown; however, our results showing 3-AP with a K d > 1μM combined with our previous observations about control compound A6 (K d = 1.1 μM) provides some clue as to the upper limit.
Given that 3-AP can generate a ROS signal yet cannot function as a ZMC suggests that the ROS signal generated by these four TSCs studied here is related to the iron or perhaps copper binding characterisitics of the drugs (and not zinc). If this is true, then designing chelators that have a greater affinity for zinc and less of an affinity for iron would be optimal for ZMC drug development. Given that the generation of ROS and inhibition of RR (both due to Fe binding) are also mechanisms for toxicity, this would likely result in a compund with more "on target" effects (reactivating mutant p53) and fewer "off target" effects, provided the ROS generation is not reduced so low as to inhibit the ROS-induced transactivation signal required in the ZMC mechanism. That said, it is also possible that there are multiple mechanisms for ROS generation employed by these compounds. Indeed, in addition to the known Fe-dependent mechanism of 3-AP, a recent study by Richardson group indicates that some TSCs induce lysosomal ROS via copper-dependent fenton chemistry (Stefani et al., 2015) , and we have not ruled out with the cellular milieu. If there are multiple ROS generation mechnisms in our ZMCs, the medicinal chemistry may not be so straight-forward.
We have shown that a non-TSC zinc chelator (nitriloacetic acid) can function as a zinc metallochaperone, at least at very high concentration (Yu et al., 2014) . While this indicates that the chemical space of metal ion chelators that can function as ZMCs could be potentially large, this work indicates that the TSC class is a useful starting point to explore for undefined ZMCs. This work also leads to the conclusion that not all TSCs 
